ABSTRACT This paper proposes a new ecological index based on phytoplankton (MedPTI
INTRODUCTION
The Water Framework Directive (WFD, European Commission 2000) has set a new standard for water quality protection in Europe. The legal action has shifted from defining qualitative and quantitative limits for pollutant discharge to a requirement that the ecological quality of aquatic ecosystems must be maintained or recovered. Furthermore, water quality is not defined in relation to abstract standards, but to the pristine, or "reference", conditions of each specific water body. The goal is that human impact should only have minimal or slight influence on water quality, in high and good conditions, respectively.
The WFD only considers a small number of human pressures as representing the most important factors affecting lake ecosystems in Europe: eutrophication, acidification, toxic pollution, and hydro-morphological alteration. To fully apply the concept on which the WFD is based, however, a solid comprehension is needed of both the ecological processes and the effects of human impacts. Obviously, such a thorough understanding is not available for all European aquatic ecosystems. However, annex 5 of the WFD specifies that ecological status should be measured through a set of Ecological Quality Ratios (EQRs), i.e., the ratio between the value of a given biological indicator in the study site and the value of the same biological indicator in reference conditions. It is obviously questionable (e.g., Moss 2008) whether the ecological status can be reduced to a number of separate biological indicators; good ecological conditions cannot be defined only on the basis of the integrity of each community, but must take into account ecosystem processes and functions as well. According to the WFD, water bodies with conditions classified as moderate to bad should be recovered through actions taken towards the waterbody itself as well as its watershed. The effectiveness of any recovery action should be monitored by testing for improvement in water quality. To limit monitoring costs during recovery, the WFD states that it is not necessary to monitor all biological parameters, only those most sensitive to the pressure(s) acting on each waterbody ("operative monitoring").
When the dominant human pressure is the input of nutrients, phytoplankton is the natural choice for operative monitoring. Phytoplankton reacts directly to nutrient levels through changes in its biomass and composition , and its growing cycle is shorter than that of aquatic macrophytes, allowing faster response. However, long-term monitoring and paleolimnological studies show that phytoplankton response to changing nutrient level is not simple: changes in phytoplankton biomass and composition can show different patterns (e.g., Dokulil & Teubner 2006) , and these changes are generally delayed (Reynolds 2002) with respect to the change in nutrients. Biomass usually reacts faster than species composition to changes in nutrient levels (Sas 1989) , but species-specific differences have also been found (Dokulil & Teubner 2006) .
These considerations underline the necessity of identifying simple tools to monitor large scale recovery of thousands of lakes in the next years, in order to evaluate the effectiveness of the actions taken, using both phytoplankton biomass and composition. If chlorophyll-a concentration in the pelagic can be considered a good proxy for phytoplankton biomass estimate, the use of species composition in large scale monitoring requires the development of specific trophic indices, which must take into account the specific biogeographic, hydromorphological and climatic features controlling phytoplankton development in specific water bodies. These indices are based on the consideration that, along a gradient in nutrient concentration, each status can be characterized by a specific composition of the algal communities (Reynolds 2002) .
In general, two types of indices can be identified. The first includes indices based on the trophic preferences of each species. To construct them, the abundance of each species in lakes of different nutrient level is evaluated, given a trophic score, and in some cases, an indicator value. Indices of this type are used in Norway (Brettum 1989) , Austria (revised Brettum index: , Germany (PTSI: Riedmüller et al. 2006) , Sweden (TPI: Willeïn 2007) , and for the deep lakes of northern Italy (Salmaso et al. 2006) . All these indices are based on data from a number of lakes (calibration data set) belonging to a relatively uniform region in order to minimize the effects of biogeographic and climatic features. These data are used to estimate the trophic values and the indicator values of the species, either by weighted averages (ter Braak 1987) or using the lake score in a constrained ordination, considering the gradient in nutrient concentartions as the explicative variable (Salmaso et al. 2006 ). Brettum's index expands this concept with a percent frequency of finding each species in lakes belonging to 5 arbitrary trophic classes (Brettum 1989; Brettum & Andersen 2004; Dokulil & Teubner 2006) . Indices belonging to the second type, on the contrary, are based on percent biovolume of a given algal group, or on the ratios between the biovolumes of two algal groups. These indices simplify the enumeration of the algae, allowing the evaluation of water quality using higher levels of taxonomic hierarchy. They need to be used with care, because all algal groups include species with different ecological preferences.
Typical indices of this kind are used in France (ITP or Barbe index: Philippe et al. 2003) and Spain (Iga or Catalàn index: Agencia Catalana de l'Aigua 2003). In particular, the Catalàn index, calibrated on reservoirs of the Autonomous Region of Catalonia, is the first index developed specifically for Mediterranean sites (Agència Catalana de l'Aigua 2003). The Phytoplankton Assemblage Index developed by Padisák et al. (2006) is also based on functional groups, but it requires species level identification and biomass estimation.
Mediterranean reservoirs are peculiar environments; they are affected by extreme changes in water level and dynamics due to the passage from a wet season (generally, from late autumn to the beginning of spring), when the reservoirs fill up, to an arid period (generally, from late spring to the beginning of autumn), with no precipitation and marked water uptake used for human activities such as irrigation and drinking supplies (Naselli-Flores & Barone 2005) . Summer level fluctuations in particular may cause the breakdown of thermal stratification, causing even deep reservoirs to behave like shallow lakes (Naselli-Flores 2003) . These effects are enhanced in relatively shallow reservoirs, with strong water uptake and rapid level changes, such as those found in Sicily (Naselli-Flores & Barone 2005) .
In other Mediterranean reservoirs, such as in Sardinia, this effect appears to be less pronounced as a consequence of a wide range of causes, from lower water demands due to lower population densities to different water management strategies (use of a pluriannual rather than annual cycle, and/or a focus on the stabilization of water volumes and minimization of level fluctuations). Furthermore, Sardinian reservoirs are generally deeper and more systemically interconnected than Sicilian ones (Marchetti et al. 1992) . Consequently, level fluctuations in Sardinia can be smoother and less influential to phytoplankton development than in Sicily (Naselli-Flores & Barone 2000) . However, arid periods lead to significant decreases in the amount of water stored also in Sardinia , allowing higher nutrient concentrations given the same nutrient load.
In this paper we test the ability of some selected numerical indices (namely Barbe, Brettum, Catalàn and Salmaso) to follow the phytoplankton response in terms of species composition to the changes in nutrient level in reservoirs of the Mediterranean region. In addition to testing existing indices, we propose a new index called MedPTI. Based on the widely used technique of weighted averaging (ter Braak 1987), MedPTI is calibrated on the basis of a survey of 30 Sardinian reservoirs in 1994 (Tab. 1, Fig. 1 ). An independent data set including 48 annual data, collected from the same reservoirs in other years, was used to validate the calibration. Changes in hydrological regimes are not explicitly taken into account other than whatever effect they have on nutrient concentration, since the index is only designed to evaluate the effects of changes in nutrient availability following, for example, the adoption of restorative actions such as sewage diversion or depuration.
The aim was to develop an index to evaluate the effects of eutrophication in deep reservoirs that are located at altitudes lower than 800 m a.s.l. in mainland and insular Italy (latitudes lower than 44° North), that have mean depths greater than 15 m, and with conductivity less than 2.5 mS cm -1 . In other words, lakes included in types ME-4 and ME-5 of the official Italian typology, and within L-M5, L-M7 and L-M8, as defined in the exercise of intercalibration in the WFD implementation procedures (ECOSTAT 2003 (ECOSTAT , 2004 ).
METHODS

Sampling and analyses
Samples for phytoplankton and water analyses were obtained from stations close to the deepest part of the reservoirs, but far enough from the dams to avoid disturbances. They were taken at fixed depths using a Niskin bottle (0 m, 1 m, 2.5 m, 5 m, 7.5 m, 10 m, 15 m, and deeper than this level at intervals of 10 m until the bottom was reached). Chlorophyll-a (CHL-a) and phytoplankton data were transformed in order to represent integrated samples in the photic zone (up to 2.5 times the Secchi disk transparency, SD). Chemical data were expressed as annual averages of integrated values over the entire water column because Sardinian reservoirs are stratified during summer, as are most deep natural lakes (Tab. 1); nevertheless, Sardinian reservoir stratification is often disturbed by water management activities and water level variations. All chemical analyses were performed according to Strickland & Parsons (1972) except for ammonium (Fresenius et al. 1988) and chlorophyll-a (Goltermann et al. 1978) .
Phytoplankton analyses were carried out on samples fixed with Lugol's solution following the Utermöhl method (Sournia 1978; Innamorati 1990 ). The taxonomic scheme followed Lee (1999) . Live samples were observed for species identification, drawing on the following references: Huber-Pestalozzi 1938 , 1941 , 1942 , 1955 , 1961 , 1968 , 1982 , 1983 Bourrelly 1972 Bourrelly , 1981 Germain 1981; Hustedt 1985; Stulp & Stam 1985; Komàrek & Anagnostidis 1989 , 1999 , 2005 Krammer & Lange-Bertalot 1986 , 1988 , 1991a Hill 1991; Novarino et al. 1994; Renhui et al. 2000; Javornicky 2003) .
Biovolume was obtained by multiplying the cell density of each taxon by the unitary cell biovolume of the same taxon, which was obtained by geometrical approximations, after measurement of at least 30 specimens. A single annual biovolume value was then obtained for each taxon by averaging the seasonal values.
Data sets
A "calibration data set" was used to define index parameters, and a "validation data set" was used to confirm the response of the index to the gradient in nutrient concentration using independent data. Finally, a third data set called the "intercalibration data set" was used to compare defined reference conditions and boundaries of quality classes with the values defined in other Mediterranean countries.
The calibration data set was composed of data from 30 Sardinian reservoirs (Fig. 1, Tab. 1 ). Seasonal data were collected in 1994 and generally include four sampling dates, one for each astronomical season. In the cases of Bau Pressiu and Torrei data from only three samplings were available (no winter data). The use of an annual average was preferred to the single seasonal data because it gives a more complete picture of the algal assemblage living in each reservoir, and contains a larger number of taxa: numerical analyses generally show lower estimation errors given a larger number of taxa per sample (ter Braak 1987). A second data set, used for index validation, includes 48 annual averages taken from 10 reservoirs, spanning from 1 to 12 years per reservoir and averaging between 4 and 11 samples per year (Tab. 1). Each annual mean was used as an individual point for the validation procedure in order to investigate the effect of interannual variability, which had been reported as relevant in other Mediterranean reservoirs (Geraldes & Boavida 2005; Naselli-Flores & Barone 2005) .
The taxon list was originally composed of 148 taxa, with taxonomic ranks from genus to variety. We used the complete data sets to test the indices proposed by Barbe, Brettum, Catalàn and Salmaso. However, for calibrating and validating the MedPTI index, only taxa that accounted for more than 1% of the total mean annual biovolume in at least three reservoirs of the calibration data set were considered. When species belonging to the same genera did not reach this threshold, they were merged and the genus as a whole was included in the calibration data set if it accounted for more than 1% of the total biovolume in at least three reservoirs. The revised taxon list of 44 elements is reported in table 2. Two reservoirs (Flumineddu and Govossai) were discarded because the sum of the biovolumes of the taxa included in the list accounted for less than 70% of the mean annual biovolume. In fact, the phytoplankton in these reservoirs was dominated by Rhizosolenia eriensis H.L.Sm. in Briggs (Govossai) and species of the genus Monoraphidium Komarkova-Legnerova and Mallomonas Perty (Flumineddu). These taxa were rarely found to be such significant biovolume constituents in the other sampled reservoirs, so they were not included in the MedPTI taxa list. 
Tab. 2. List of selected MedPTI species, their trophic values (v) and indicator values (i). (BAC=Bacillariophyceae;
CHL=Chlorophyceae; CRY=Cryptophyceae; CYA=Cyanophyceae; CON=Conjugatophyceae; DIN=Dinophyceae; EUG=Euglenophyceae). (+ indicates the presence of the same species in other index lists: Brettum & Andersen 2004; Salmaso et al. 2006; Willeïn 2007 A third data set was also used to compare identified reference conditions and class boundaries among countries in an intercalibration procedure on the quality indices used for evaluating lake water quality in the Mediterranean region (ECOSTAT 2003 (ECOSTAT , 2004 . Experts from several European Mediterranean countries submitted phytoplankton biovolume results from their analyses of samples taken during 2006 with identical methods. These data were obtained from 30 reservoirs, 6 of which were considered to be in reference condition (i.e., exempt from significant anthropic pressures) and 24 of which were at the high/moderate boundary with respect to trophic status, meaning that phytoplankton composition and biomass were starting to show a relevant deviation from the reference conditions. However, 13 of them are located in the Northern wet area of Spain and Portugal and are thus not completely comparable with truly Mediterranean reservoirs, which suffer from periodic droughts. For this reason, MedPTI was calculated only considering the other 17 sites (3 reference sites and 14 at the boundary). Italy participated in the intercalibration exercise with data from three Sardinian reservoirs (Medio Flumendosa, Mulargia and Sos Canales). The reference and boundary values proposed for Med-PTI were included in the ECOSTAT procedure (ECOSTAT 2003 (ECOSTAT , 2004 ) and compared with the values set on the basis of the validation data set. Reference conditions were defined for the intercalibration exercise as the median of the values measured in the reference sites, and the good-moderate boundary was defined as the 5 th percentile of the values measured in the sites considered to be close to this boundary, in accordance with national procedures (ECOSTAT 2003 (ECOSTAT , 2004 .
Multivariate analysis
To identify the primary gradient(s) controlling the composition of algal assemblages, a Canonical Correspondance Analysis (CCA, ter Braak 1987) was performed using the CANOCO software, version 4.5 (Biometrics -Plant Research International, Wageningen, NL).
The annual average percent abundances included in the calibration data set were square-root transformed before analysis to reduce the influence of the highest values on the ordination (Legendre & Legendre 1998) . Selected constraining variables included watershed area, the averaged value of water temperature, conductivity, pH, alkalinity, the percent of O 2 saturation, the concentrations of reactive (RP) and total phosphorus (TP), total nitrogen (TN), ammonium, nitrate, reactive silica (Si), manganese, and iron, lake volume, lake depth (Z col ) during the samplings, depth of the euphotic (Z eu ) and mixing (Z mix ) zones, and the ratios of Z col /Z mix and Z mix /Z eu . A binary variable was also included to distinguish stratified and polymictic reservoirs.
The significance of the variables included in the model was evaluated using a Bonferroni-adjusted permutation test with 999 permutations.
RESULTS AND DISCUSSION
Test of some selected trophic indices
In general, hydrological variations have a deep impact on phytoplankton communities, and a reductionistic approach based on indices cannot be considered as a general approach for studying, from an eco- (Dokulil & Teubner 2006) , and the Phytoplankton Trophic Index (PTI) in Italy (Salmaso et al. 2006) . The response of the four indices to the gradient in nutrient concentration in the Sardinian reservoirs, as represented by the mean annual TP concentration, was investigated (Fig. 2 ) using all the annual data included in the calibration and validation data sets, without species selection. This work represents an attempt at using these indices in Sardinian environments with an enlarged base of data than it was in Marchetto et al. (2008) .
The ITP index was originally calibrated using the relative abundance of algal assemblages sampled with a plankton net. As expected, ITP index was not directly applicable to our data, which was obtained by bottle sampling, and the index values did not reflect the TP gradient (Fig. 2a) .
Similar results were also obtained in the case of the PTI (Fig. 2b) On the contrary, the values of the modified Brettum index (Dokulil & Teubner 2006) correctly reflect the position of the Sardinian reservoirs along the TP gradient (Fig. 2c) . However, its predictive value is very limited, as values in the range of 3.0 to 3.4 are obtained for lakes covering the whole TP gradient. This is related in part to the absence on its species list of some taxa commonly found in Sardinian reservoirs, such as Komma caudata, Oscillatoria tenuis C. Agardh, Peridinium sp., Rhodomonas spp., Scenedesmus spp., Sphaerocystis spp. and Trachelomonas spp.
Furthermore, the definition of the Brettum index is more oriented to discerning the trophic status in oligotrophic and mesotrophic lakes, such as those found in Scandinavia and in Austria, as opposed to more eutrophic freshwaters such as the Sardinian reservoirs. In fact, in Brettum's species list, each taxon is listed with the probability of finding it in five arbitrary trophic classes based on TP concentration. The five classes are defined by TP ranges of less than 10, 10-20, 20-40, 40-60 , and more than 60 µg L -1 . For comparison, TP values lower than 20 µg L -1 were measured in only 12% of the samples included in our data sets, whereas 44% and 29% of the TP values were higher than 40 and 60 µg L -1 , respectively. Moreover, some taxa (e.g., Ankistrodesmus falcatus (Corda) Ralfs) that are considered typical of oligotrophic lakes by Dokulil & Teubner (2006) have been found in more eutrophic reservoirs in Sardinia.
Finally, the Iga index was calibrated based on data from Spanish reservoirs similar to those found in Sardinia that cover a similar TP gradient, so the Iga values were expected to correctly reflect the position of the Sardinian reservoirs along the TP gradient. However, no correlation was found between the Iga values and the TP concentrations in our data set (Fig. 2d) . The Iga index is based on percentages of algal groups, and though we observed the presence of different species in the same algal group in both Spanish and in Sardinian reservoirs, they showed different trophic preferences. Thus, the trophic "preference" of the whole group was different. In effect, the species commonly found in Sardinian reservoirs (cf. Tab. 2) did not account for more than 70% of the total annual biovolume in most Spanish reservoirs (Caridad de Hoyos, pers. comm.).
Multivariate analyses
When using CCA, it is very important that the set of environmental variables includes the variable(s) that are truly controlling the species assemblages. Essentially, the CCA only extracts ordination axes that are linear combinations of the environmental variables used in the analysis. If the combined variables do not control the species composition, then the most important gradient cannot be extracted and the analysis will single out a secondary gradient.
To ensure that the CCA correctly reveals the primary gradient in species assemblages, an unconstrained analysis (not shown) was also performed. If a major environmental gradient was related to a hypothetical variable that was excluded from the data sets, the unconstrained and constrained ordinations would not compare. In our case, both site scores and species scores on the first axis of the constrained and unconstrained analysis were well related (r = 0.98, Fig. 3d ), assuring the correctness of the constrained ordination.
The main gradient identified by the CCA (Figs 3a, b,  c ) is related to a number of interrelated variables, namely the concentration of TN, TP, and RP, oxygen saturation, the depth of the mixing zone, and the ratio Z mix /Z eu . This central gradient is mainly related to nutrient levels and indicators of production (O 2 oversaturation).
Repeated significance tests performed on a (not detrended) CCA showed that the above-mentioned variables, together with conductivity, contribute to the ordination at a statistically significant level (p <0.01).
Observing species scores along the nutrient gradient, it appears that Cyclotella ocellata Pantocsek, Oscillatoria tenuis, Tetraedron minimum (A. Braun) Hansgirg, Peridinium spp. and Chlorella spp. are among the taxa characterizing reservoirs with a lower trophic status, whereas the genera Microcystis, Anabaena, Komma, Woronichinia and Stephanodiscus are common in eutrophic reservoirs (Fig. 3a) . A second significant gradient can be identified, distinguishing reservoirs that lie on siliceous bedrocks and are richer in Anabaena spp. and Gymnodium sp. from the main reservoir cluster. On the basis of these results, we can assume that the main factor controlling species composition in the Sardinian reservoirs is their TP concentration, and that the geological nature of their catchment may additionally influence species composition. On the contrary, the morphologic and mixing features of the reservoirs contribute secondarily to determining species composition.
In other Mediterranean reservoirs located in Sicily, Naselli-Flores & Barone (2005) found mixing regime and water uptake to have a strong effect on phytoplankton composition. However, water level changes in Sardinian reservoirs are related mainly to the irregular sequence of arid and relatively wet years. This fluctuation directly influences reservoir volumes, and the trophic status is only indirectly affected by the consequent reduced nutrient dilution.
Index definition and calibration
The proposed index (MedPTI) is based on the weighted averages method (ter Braak 1987) and was calibrated using the calibration dataset described above, after species selection.
For each taxon, the trophic value (v) and the indicator value (i) were calculated.
The trophic value of the k-th taxon (v' k ) represents the trophic preference of that taxon; it is obtained from the annual mean total phosphorus concentrations (TP) and biovolume (B) of that taxon in all the n j-th reservoirs of the calibration data set using the following formula:
The logarithmic transformation was used to stabilise the variance of TP values, as the values were non-normally distributed with left truncation at zero (as all con-centration values) and some sporadic high values. Furthermore, the probability of a reservoir having a given trophic status is linearly related to the logarithm of nutrient concentration (e.g., OECD 1982). The log transformation is (implicitly or explicitly) included on most numerical indices that are used to detect the response of planktonic algae (e.g., Brettum 1989; Willeïn 2007 ) and diatoms (e.g., Wunsam & Schmidt 1995) to TP levels.
The use of this data transformation slightly raised the proportion of accounted variance (r 2 ) in the calibration data set and lead to a remarkably higher r 2 in the validation data set (Tab. 3). To choose the better model when a validation data set is not available, a numerical resampling procedure (e.g., bootstrapping) is usually used (e.g., Birks et al. 1990 ). However, a validation dataset represents a solid alternative because it allows the direct evaluation of the index performances.
Tab. 3. Explained variance (r
2 ) of the model depending on data transformation. Because of the short numerical range of log-transformed TP values and of the so-called "shrinking effect" (ter Braak 1987 , Marchetto 1994 , the resultant numerical range of v' values was very narrow. The index was then linearly rescaled to simplify the reading of the results; in this case the index is not used to directly infer TP values, so that the rescaling equation is completely arbitrary. We arbitrarily selected the following equation in order to obtain decreasing values of the rescaled trophic value (v k ) along the TP gradient in the formulation of MedPTI: Fig. 3 . CCA ordination plot: species scores (a), site scores (b), and loadings of selected variables (c), as well as comparison between site scores along the first axis in constrained and unconstrained ordination (d). Units: standard deviations. Sites and species labels are reported in tables 1 and 2, respectively. Stra: stratification (binary variable).
The rescaling equation, although arbitrary, was selected to increase the numerical range of the index from 1.46-1.97 to approximately 1.5-3.4 for better reading, and to have higher values for better water quality. Therefore, the EQR can be obtained by simply dividing the actual value by the reference value.
We decided to avoid an index range between 1 and 5 to prevent confusion between index values and quality classes. In fact, a commonly misunderstood aspect in applying the WFD is that the index ranges and the EQR ranges are, and must be, different: to be WFD-compliant, a numerical index should be monotonically related to water quality, and should have a defined value for reference conditions. WFD-compliant indices used by ECOSTAT (2003) are, for example, the chlorophyll-a concentration (ranging from 0 to ca 10 µg L -1 ) and the percent abundance of non-cyanobacterial phytoplankton (ranging from 0 to 100%).
The EQRs should range from 0 to 1, and the quality classes (numbered from 1 to 5) are defined on the basis of common EQR boundaries defined through the intercalibration exercise. However, there is no need that the indices range specifically between 1 and 5, and choosing that range for the MedPTI index could lead to the misunderstanding that the index values actually correspond to the quality classes.
The indicator value of the k-th taxon (i k ) represents the narrowness of its trophic preference, and consequently its ability to precisely characterise the trophic status of the reservoirs. So, the indicator value (i k ) is the square of the inverse of the "tolerance", as defined by ter Braak (1987):
where D j,k is the squared difference between the trophic value of the taxon (v' k ) (before rescaling) and the logarithm of the TP concentration in the reservoirs:
We decided to use this formulation instead of ter Braak's t for practical reasons: to minimize the rounding errors when squaring and inverting to arrive at the indicator and because with such small values being obtained the latter must be tabulated with a large number of decimals. A list of all trophic weights and indicator values is reported in table 2.
Finally, the value of the MedPTI index in the i-th reservoir is obtained from the biovolumes (B i,k ), trophic values (v k ) and indicator values (i k ) of the m species found in that reservoir, on the basis of the following equation:
It is important to note that the MedPTI index can only be used if the species listed in table 2 account for a relevant proportion of the total annual biovolume of a given reservoir. In this paper we rejected annual data for which the listed species did not account for at least 70% of the annual average biovolume.
Comparison with literature data
The MedPTI list of taxa is composed of 44 elements (Tab. 2), with a predominance of Cyanobacteria (11) and Chlorophyceae (11) and Bacillariophyceae (10) and with Conjugatophyceae (5), Dinophyceae (3), Cryptophyceae (3), and Euglenophyceae (1) Salmaso et al. 2006; Willeïn 2007) .
Ordering the list on the base of increasing trophic values v (from species which prefer high trophy to those which prefer low trophy), the class composition shows several tendencies: a decrease of Cyanobacteria and parallel increase of Chlorophyceae and Bacillariophyceae, with the presence of Pennales taxa only at the end of the list; a major presence of flagellate species in the central part of the list; Coniugatophyceae presence corresponds to Closterium species at lower v and to Staurastrum species at higher v.
Considering three arbitrary blocks of taxa (the first and last fifteen elements and the middle fourteen), it can be observed that elements of Cyanobacteria are more frequent in the first block (7) but are rare in the other two (three in the central and only one in the ending block). Species of the gas-vacuolate genera Microcystis, Anabaena, Woronichinia and Aph. flos-aquae dominate the first block. These species are reported as common in eutrophic inland waters, with a world-wide distribution (Komàrek & Anagnostidis 1999; Cronberg & Annadotter 2006) . Brettum & Andersen (2004) indicated very high probabilities (>50%) of finding these taxa, with the exception of W. naegeliana, in eutrophic and hypereutrophic lakes. They are also abundant in Mediterranean eutrophic reservoirs Barone & Naselli-Flores 1994; Naselli-Flores & Barone 1998 Komàrek 2003; Naselli-Flores 2000; Barone 2003 ) where toxicity has been assessed during their blooms (Cook et al. 2004; Carrasco et al. 2006; Messineo et al. 2008) . Chlorococcal non-motile colonial genera are well represented in this first part of the list (Coelastrum, Pediastrum (P. simplex), and Oocystis), contemporary with non-motile slender Closterium and the motile Komma, so that both mixing-and non mixing-tolerant species are considered . Aulacoseira cf. distans (Ehrenberg) Simonsen and Stephanodiscus spp. are the only diatoms included in this block. They are centric and only the former is colonial. S. hantzschii, one of the merged species, is reported as flushing-tolerant and sensitive to nutrient depletion .
On the contrary to the above block of taxa, the fifteen taxa at the end of the MedPTI list are mainly Chlorophyceae (7) of the genera Chlorella, Sphaerocystis, Ankistrodesmus, Pediastrum (P. duplex), and Volvox. The latter is the only motile chlorophycean genus of the MedPTI list, and it was found to be relevant (≥1% of the total annual mean biovolume in 1994) in four Sardinian reservoirs (Corongiu II, Gusana, Pattada, Torrei). The relative maxima were observed in the first two reservoirs in spring (late March) and in the others in autumn (late September), when stratification was not well defined. The importance of this genus is confirmed in Lake Torrei, one of the few oligomesotrophic Sardinian reservoirs , on the basis of data collected monthly during a limnological study conducted from September 1992 to September 1994 (unpublished data). Reynolds et al. (2002) report Volvox as highly light tolerant and sensitive to nutrient deficiency. We propose further investigation and consideration of Volvox species in these respects. Except for Chlorella, the other named chlorophycean genera of the ending block are colonial gelatinous and non-gelatinous forms, a number of whom are reported to be frequent in Sicilian reservoirs (Pediastrum and Sphaerocystis; Barone 2003) and dominant in the mesotrophic natural and artificial lakes of Sicily (Ankistrodesmus, Pediastrum, Sphaerocystis; Naselli-Flores & Barone, 2000) . Dinophyceae are well represented in this last part of the list, with species of the genera Gymnodinium and Peridinium. Naselli-Flores and Barone (2000) highlighted that dinophytes of the genus Peridinium were among the most important species in two mesotrophic Sicilian lakes (one natural and one artificial). In one of the two freshwater environments (Biviere di Cesarò Lake) some small Fragilaria species (now considered to belong to Staurosira and Pseudostaurosira; Williams & Round, 1987) were also relevant. In general, they are reported in shallow meso-and oligotrophic waterbodies, even if trophic preferences of many species are not yet well defined (e.g., F. crotonensis, Morabito 2005; Hofmann 1994) . The other two diatom genera at the end of the MedPTI list are Cyclotella (C. ocellata) and Aulacoseira. The former is also frequently observed in Sicilian reservoirs (Barone 2003) . Morabito et al. (2003) noted these species as characteristic of oligo-mesotrophic waters in the southern subalpine lake district, as corroborated by Salmaso (2000 Salmaso ( , 2003 . Salmaso et al. (2006) indicated the appearance of "small centric diatoms" (Cyclotella spp.) among the taxa that had been developed following the Lago Maggiore shift towards oligotrophy. Planktotrix rubescens is the only taxon of Cyanobacteria in the last block. This species is reported as belonging to the deep-living algal communities of mesotrophic lakes (Adler et al. 2000; Teubner et al. 2003) and was recently detected in Sicilian reservoirs (Naselli-Flores et al. 2007) . Its presence has been well documented in Sardinian reservoirs since 1985 due to the intense and toxic blooms caused in lakes Mulargia, Medio Flumendosa and Alto Flumendosa (Sechi & Lugliè 1989) .
The middle group of the MedPTI taxa list is more heterogeneous, with elements belonging to all seven reported classes. It is interesting to highlight that four (Cryptomonas spp., Trachelomonas spp., C. hirundinella and P. lacustris) of the six motile (flagellate) taxa of the list fall in this central portion. Cryptophyceae, a cosmopolite class (Klaveness 1988) , are present in the list with three genera: Komma, Cryptomonas and Plagioselmis. Barone and Naselli-Flores (2003) observed them frequently in Sicilian reservoirs and found them particularly abundant in winter, when decreased grazing pressure and a reduced light climate occur. Furthermore, they indicate that the significance and population dynamics of these species appear mostly independent of the nutrient concentration; however, in some comparative limnological observations carried out in four freshwater lentic environments, Cryptomonas was found to be more prevalent in the large mesotrophic reservoir of Lake Rosamarina. Cryptomonas was detected in all but two Sardinian reservoirs (Medio Flumendosa and Mulargia), whereas Komma and Plagioselmis were less widely distributed. These taxa were important (≥1% of the annual mean biovolume in 1994) in 14, 4 and 3 reservoirs, respectively, and in general were observed more frequently in winter samples (especially Cryptomonas).
Validation and boundary setting
To verify that it is able to identify the position of Mediterranean reservoirs along the trophic gradient, the MedPTI was applied to the independent monitoring data included in the above-described validation data set, including 48 annual averages of data taken in 10 reservoirs between 1985 and 2006. The reservoirs are mostly the same as those used for the calibration data set, but the data included in these sets do not overlap.
In the validation data set, the MedPTI values were significantly related to the TP annual mean concentrations; logarithmic transformation of the TP values resulted in a regression coefficient of 0.53 after the exclusion of two outliers. These data come from the eutrophic Lake Bidighinzu that has TP concentrations higher than 0.3 mg L -1 . The MedPTI value calculated for these samples (ca 1.5) correctly places them among the eutrophic lakes, but the very high TP concentration found in this lake makes these samples outliers in the relation between TP and MedPTI.
The MedPTI values appear to be split into two groups (Fig. 4) : reservoirs with TP concentrations lower than 40 µg L -1 have values higher than 2.45, whereas reservoirs with higher TP concentrations have MedPTI values lower than 2.45. This discontinuity in the gradient is used as boundary limit to distinguish reservoirs with good quality status from those with moderate quality status.
In 2006, two reservoirs (Pattada and Sos Canales) showed low MedPTI values and low TP concentrations. In both cases, the species composition and the MedPTI index were close to that found in the previous years (see also Tab. 6), while TP concentration decreased. Different causes may be responsible for these concentration decreases, both natural (higher rainfall) and anthropogenic (watershed and lake management which are able to influence stored water volumes and nutrient input). In these cases, the index correctly classified the reservoirs on the basis of their species composition, even though on the basis of their TP concentration they could have been considered in good or high quality.
This pattern underlines the advantage of an index based on species composition: it can better estimate the ecological quality of waterbodies when subject to strong environmental variations from one year to the next than an index based on nutrient concentrations. Ruggiu et al. (1998) documented that notable changes in the phytoplankton structure of Lago Maggiore took place only after a sufficient period of stable and sensible reduction of nutrients during the oligotrophication process.
The highest MedPTI value (3.38) was shown in Leni Lake, and the values obtained for a small group of reservoirs with low TP concentration ranged between 3.11 and 3.35, with a median value of 3.2. This value was assumed as the reference value for MedPTI and tested in the WFD intercalibration exercise.
To define the other class limits required by the WFD, the technique of equal intervals was employed, as suggested by ECOSTAT (2003 ECOSTAT ( , 2004 . The boundary between "good" and "high" quality classes was set at the average between the reference value and the good/moderate boundary, and the other classes were assumed to have the same range of values. The class limits and the relative EQR are summarized in 
Intercalibration exercise
The WFD requires that the Member States of the European Union take all possible measures to guarantee that all European water bodies reach a "good" or "high" ecological quality by 2015. The European Commission organized a so-called "intercalibration exercise" to ensure that the definition of the boundaries between quality classes in all Member States are similar to each other. To account for the large environmental heterogeneity of European freshwater, the intercalibration exercise is held in Geographical Intercalibration Groups (GIGs). The Mediterranean GIG includes Portugal, Spain, Malta, Greece, Cyprus, and the arid or semi-arid parts of France, Italy, Slovenia, Bulgaria, and Romania.
Following the WFD procedure, the intercalibration exercise consisted of selecting a number of sites within each country and lake type that were considered to be either in reference condition or at the boundary between good and moderate quality. According to the WFD, reservoirs cannot belong to high ecological quality class, as the dam represents a major hydromorphological pressure; for this reason the boundary between good and high quality classes was not considered. For details of the selection procedure and the approval of the sites, refer to the technical documents prepared by ECOSTAT (2003 ECOSTAT ( , 2004 .
In the Mediterranean GIG, the intercalibration exercise was carried out by sampling and analyzing the selected reservoirs using the same methods in order to calculate all available indices. The reference value for each index will then be represented by the median value of the index calculated from all reference sites. The class boundary was set to the 5 th or 95 th percentile (for indices related inversely or directly to the nutrient concentration, respectively) of the values calculated in the reservoirs assumed the boundary between classes.
As previously stated, the MedPTI was calculated for the 17 sites (3 reference sites and 14 at the boundary) and the values obtained are listed in table 4. It should be noted that relatively high MedPTI values were obtained for some lakes reported as being at the good-moderate boundary. In these lakes the phytoplankton assemblages were rich in Cyclotella, a genus found in Sardinia in the reservoirs with the lowest TP levels; consequently, the MedPTI index classifies them among the reference sites.
The reference and boundary values obtained in the exercise were 3.13 and 2.39 (Tab. 5), which are very close to the values given in the previous paragraph.
Comparison with OECD trophic classification
MedPTI was applied to the 5 reservoirs for which data were collected in 2006 (Tab. 6): Cedrino (CED), Cuga (CUG), Pattada (PAT), Temo (TEM) and Sos Canales (SCN). A sixth reservoir (Bidighinzu) was also sampled, but the phytoplankton composition was dominated by a species of the genus Lagerheimia R. Chodat that was not included in the MedPTI list. Species of this genus are reported as indicators of eutrophy and hypereutrophy by Willeïn (2007) and Brettum & Andersen (2004) , which is in agreement with the trophic state of the Lake Bidighinzu. In table 6, MedPTI results are compared to the trophic evaluations obtained from other parameters typically employed for this purpose (e.g., OECD 1982), considering all available pluriannual data except for those used in MedPTI calibration.
The trophic state detected for the other reservoirs in 2006, in line with the OECD (1982) probabilistic classes, were eutrophy (CUG, CED, TEM) and mesotrophy (PAT, SCN). MedPTI evaluations were mostly in agreement with classifications obtained from the OECD model results. CUG, SOS and TEM were classified by MedPTI values into the poor class, which agrees with those of OECD model. The MedPTI values calculated for TEM in previous years confirm its classification in poor or bad classes. Through application of the OECD model, TEM appears to be more eutrophic on the basis of TP (55%) alone, but mesotrophic considering the mean (60%) and maximum CHL-a (48%) in 2006. MedPTI classifies SCN in bad or poor conditions in spite of the wide interannual variations of TP, CHL-a and algal biovolume, which cause it to be evaluated sometimes as mesotrophic and sometimes as eutrophic by the OECD model . Finally, PAT showed minor oscillations in all the indicators, with OECD probabilistic classification assigning it to eutrophic or mesotrophic (2006) in different years and the MedPTI index falling in ranges corresponding to poor and bad classes.
In general, there is good agreement between the OECD probabilistic classification and the MedPTI quality classes for reservoirs with a high trophic status. For reservoirs showing great inter-annual variability, the OECD evaluation follows the year-to-year changes, whereas MedPTI, being related to the species composition, consistently classifies them in the poor or bad classes beacuse of the presence of species typical of eutrophic lakes. Because of the resilience of planktonic communities, it is probable that the phytoplankton composition reflects the average trophic status of the previous years. From these preliminary results, it appears that the use of compositional indices like MedPTI can allow the inference of an average quality class.
CONCLUSIONS
The proposed MedPTI index can be considered a useful tool for evaluating the response of the phytoplankton to changes in nutrient concentration in deep reservoirs in Sardinia, in agreement with the WFD guidelines. The procedure followed in defining the class limits and relative EQR was based on the dataset of the Mediterranean GIG.
The reservoirs used for calibration and validation show a wide range of morphometric characters, watershed natures, and human uses, and consequently a wide choice of possible trophic conditions. Moreover, the use of pluriannual data allowed us to take into account the large interannual variability in trophic status for each reservoir.
The choosen class boundaries actually separate the Sardinian reservoirs used to test the index into quality categories that are in agreement with the OECD trophic classification. Among the parameters considered by this probabilistic model, the index is especially well correlated with TP and CHL-a.
The proposed MedPTI list of taxa is composed mainly of Cyanobacteria, Chlorophyceae, and Bacillariophyceae. However, the species list should be updated using new monitoring data. Some limitations in the use of MedPTI are evident, mainly related to the limits of the proposed list of species, which should be enlarged using a larger calibration data set. We recommend the use of this index only for reservoirs with a mean depth greater than 15 m, even though in Sardinia it proved reliable for a number of reservoirs shallower than this threshold. As a general rule it should be assumed that for shallower reservoirs, where water management can profoundly alter the mixing regime and the phytoplankton assemblages, an evaluation should be carried out of the effects of physical parameters on phytoplankton.
The definition of the index is not and cannot be in anyway definitive. Other species with different ecological exigencies can be found in Mediterranean reservoirs or may be present in sites not considered in this study. For this reason, the list of trophic and indicator values given in table 2 should be properly updated. Finally, we think that this index, if properly calibrated, can also be used in other deep reservoirs in Italy and in other Mediterranean countries, but specific tests should be performed to confirm its wider applicability.
